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New Phase Modulation Technique Based on Spatial
Soliton Switching
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Abstract—A phase modulation technique able to increase the a fixed path, because the index variation acts as a perturbation
transmission capacity of an optical channel is presented. Itis based against which the soliton reacts as a particle, moving as a packet
on spatial soliton switching properties. The modulator device ac- without any loss of energy. This last property makes it possible

cepts as inputs two streams of amplitude modulated pulses and . . . ) .
generates an output stream of phase modulated pulses whose phas<-5O design useful all-optical devices such as filters [13] or high-

values depends on the different input combinations, coding prop- SPeed routers [14].

erly the input streams and increasing the transmission capacity of ~ The general problem of increasing the transmission velocity
the optical channel that carries this information. The modulator  of an optical channel is felt in the telecommunications field.
device can be properly cascaded, generating a unique stream OfHere, the general tendency is to compress, as narrowly as pos-

pulses capable of carrying the information of a certain number . . . ! .
of input channels. A proper demodulator device is also presented. sible, the temporal width of pulses using different techniques.

It is capable of accepting as input a phase modulated stream of This CompreSSion can be made until a certain limit, due to the
pulses, generating as outputs the original amplitude modulated physical limitations of the optical channel used.

pulse streams. The aim of this work is to find a different approach to this
Index Terms—All-optical device, optical modulator, spatial soli- problem, supposing to use already compressed binary modu-
tons, transmission speed increasing. lated input pulses as input. We therefore study a device that is
able to increase the transmission capacity of an optical channel,
I. INTRODUCTION extending the modulation also to the phase of output pulses. It

) ) ) . _ acts as an amplitude/phase converter accepting two binary mod-
T HE DEVICE described in this paper is capable of ingiated stream of pulses as inputs and generating a unique phase
| creasing the transmission capacity of an optical channg{oqyiated stream of pulses as output. The device can be prop-
It is based on the special properties of spatial solitons thgfy cascaded, generating a unique stream of pulses capable of
are, as is well known, self-trapped optical beams able {3 rying the information of a certain number of input channels.
propagate without any change of their spatial shape, thanksriqy great advantage is that the device is totally passive, which
the equilibrium, in a self-focusing medium, between diffractiop,eans that is does not need extra energy to work properly.
and nonlinear refraction [1]. _ _In its basic geometry a soliton beam travels in a waveguide,
Their interesting properties have allowed design of a certajfhich, in the plane between the cladding and the substrate, has
number of spatial optical switches that utilize the interactio gistribution of refractive index that follows a triangular curve
between two bright or dark soliton beams and the waveguiggn 5 modified parabolic profile as shown in Fig. 1.
structures induced by these interactions [2]-[6],[19]. Two dis- \ye pegin studying the general structure of the device. Then,
tinct parallel solitons are generally used as initial condition fQpe ransverse behavior of a soliton in a triangular profile [13],
su_ch |nterqct|on§. In fact, itis well known that when two d'St'”‘iﬁ/hose longitudinal profile is parabolic [14], is discussed. Once
bright spatial solitons are launched parallel to each other, the jps properties of motion are derived, we investigate the struc-
teraction force between them depends on their relative distagggs from the global point of view, deriving all the properties
and their phase [7], [8]. ~and the operative conditions. Last, we discuss a proposal for the
A variety of useful devices can be thought of and designeg modulator.
using the properties of solitons. One of the most important fea-
tures is their particle-like behavior and their relative robustness
to external disturbs. Il. STRUCTURE OF THEMODULATOR DEVICE

Interesting effects have been found in the study of transversel_0 simplify the development of the theory, we consider only a

effects of soliton propagation at the interface between two non- . :
; . . o two-input/one-output device. The purpose of the modulator de-
linear materials [9]-[11] or in a material in the presence of a . : .

. o . o ._Vvice is to generate a phase modulated pulse according to the dif-
Gaussian refractive index profile, that is, in low perturbati

regime [9] “Ryrent combinations of amplitude of input pulses. This is equal
9 ' . . . : to saying that in the presence of two binary inputs, the possible
It has been shown that it is possible to switch a soliton, in =~ .
o e amplitude combinations are four, and the output pulse has to as-
the presence of a transverse refractive index variation, tow%rﬁjme four different phase values, without requesting auxiliary
_ _ . energy. Because we want to design a passive device, the output
Manuscript received March 17, 2000; revised March 9, 2001. ~ related to the situation of both inputs equal to zero must obvi-
The authors are with the Dipartimento di Energetica, INFM, Universita di v b dified with b foul h h .
Roma “La Sapienza,” 00161 Roma, ltaly. ously be codified with an absence of pulse. The schematic pat-

Publisher Item Identifier S 0733-8724(01)05302-6. tern of input—output conversion is shown in Fig. 1(a).
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Fig. 1. (a) Schematic pattern of input—output pulse conversion. (b) Three-dimensional (3-D) view of the structure of the considered device.

We suppose to work with soliton beams to use their attractingThe second situation is when the first input is equal to one
or repelling properties [7] and their particular behavior wheand the second input is equal to zero. In this case, if the refrac-
they propagate in a transverse refractive index profile [13]. Thige index of both the delay branch and the drain waveguide is
structure we want to study is shown in Fig. 1(b). less than or equal to the refractive index of the main waveguide,

We also suppose that the two input pulses enter in the relatthe pulse propagates undisturbed and reaches the output, with
inputs of the device with the same phase. This is not a restrictiarphase that is equal to the propagation phase along the main
because any phase difference can be properly compensatedyvaveguide. If the length of this waveguide is properly chosen,

Owing to the fact that we deal with equal streams of pulsesgcording to the wavelength of the beam, the phase of the output
the last condition is that the input pulses are characterized fmyise is equal to the phase of the input pulse. In the first sit-
the same amplitude. uation, there was an absence of pulse and its phase value was

The modulator device is composed of four parts: the maiirtually equal to zero. In this case, the phase value variation
waveguide, the secondary waveguide, the delay branch, andhiihe been chosen equal to zero, but we are in the presence of a
drain waveguide. The geometry and the refractive index valugsise. The phase variation could anyway be chosen at will, but
of these four components strictly determine the feature of thae keep it fixed at zero for simplicity. The behavior of this kind
device, and their values will be designed as discussed in thfewaveguide has already been studied [13].
following. The third situation is when the first input is equal to zero and

Let us analyze the behavior of the modulator device in thke second input is equal to one. In this case, because we are
four possible input situations. Because we deal with binary inpatthe proper refractive index conditions of the waveguide and
pulses, we consider the two values of logical zero (absencetloé delay branch is properly shifted with respect to the input
pulse) and logical one (presence of pulse). We refer to thempasnt of the secondary wave, the second input pulse is trapped
zero and one. in the main waveguide and reaches the output with a certain

The first situation is when the two inputs are equal to zerphase difference that we define later, with respect to the previous
In this case, due to the passive nature of the device, we obtaiceae, due to the fact that it propagates, in the initial part, into the
zero in the output. secondary waveguide.
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TABLE |
WORKING SCHEME OF THEDEVICE

Ne°. INPUT 1 INPUT 2 OUTPUT |OUTPUT PHASE
(INTENSITY) | (INTENSITY) | INTENSITY | PHASE CONDITION
1 0 0 0 0 -
2 I, 0 I, 0 -
0 I, I, o, 'S 3z
277
4 II I, Il (2% -

The fourth situation is when both the inputs are equal to one.This curve could be roughly approximated with a linear
In this case, the two pulses meet at the converging point betweemve, but the final result would be too sharp a path, since the
the main waveguide and the secondary waveguide. In this casaiton reaches the reversing point with a certain inclination.
since we are in soliton propagation condition, they can attracHtirther, the parabolic path is the trajectory followed from a
their relative phase is included between zeroaflor between soliton beam that is injected into a linear transverse refractive
37 /2 and 2r, or they can repel if their relative phase is includethdex profile, that is, the transverse profile that we are going to
betweenr /2 and 3r/2. If the length of the secondary wave-consider.
guide is chosen to generate a repulsive condition, the two soli-Let us consider a soliton beam propagating intkirection,
tons propagate in the main waveguide properly separated uniilose expression of the field at the beginning of the structure
reaching the bifurcation point between the main waveguide, tise
delay branch, and the drain waveguide. At this point, the two
solitons detach: the first one enters the delay branch while the Q(xz,0) = Csech[C(z — T)] Q)
second one enters the drain waveguide.

The first soliton propagates in the delay branch, experiencimgnerez is the position of the center of the beam afids a
a phase variation that depends on the length of the branch aeal constant from which both the width and the amplitude of
therefore is properly selectable and can be chosen different frime field depend. The variablesand » are normalized with
the previous cases, generating the fourth phase condition. Taspect to the wave vector of the wave, and therefore they are
second pulse, on the contrary, propagates in the drain wavegudanensional quantities.
where it reaches the proper drain output. When the soliton beam is propagating in a triangular trans-

The delay branch is composed by a properly modified lonerse index profile, whose maximum valueAs,, and whose
gitudinal parabolic waveguide, whose purpose is to accept timeximum width is 3, itis subjected to a transverse acceleration
beam from the main waveguide with an angle that respects #gual to [13]-[16]
paraxial approximation, to propagate it changing its direction
until reaching a straight longitudinal direction, and to reverse ap = 2Ano o2 )
this sequence until carrying the pulse inside the main waveguide b
with a certain phase difference. The behavior of this modifi

boli ide is studied lat Eiﬂ/e use, for our analysis, a dynamic point of view to consider the
pa_:_?] 0|<_:twa'tyegt_u € 1s studie da_er.T ble 1 wh it is al step-by-step transverse relative position of the waveguide with
‘he silualion 1S summarized in_1avle 1, where 1t IS asPespect to the beam using thevariable as a time parameter.
pom'Fed out that the pglse rgaches the output to provide morgy xg(z) is the position of the central part of the waveguide
deta|I§ about the wgrkmg prmuplgs of the modulatpr devIC%’rofile with respect ta, the longitudinal form of the waveguide
even if we consider input pulses with the same amplitude. is chosen to be a modified parabolic
We will now better define the profile of the refractive index 01l
the waveguides and the properties of the longitudinal modified 2 o/

parabolic waveguide that compose the delay branch. zq(z) = el

z 3)
a
wherea is a real constant responsible for the curvature of the
waveguide and is a real constant responsible for the position of
the curve. Equation (3) can be better understood if itis expressed
We now define the structure of the modified parabolic waves a function ot, that is
guide composing the delay branch to find its peculiar properties
that allow the loop to work properly. z=—azg +d+aVd. (4)
We choose this kind of waveguide because it is the simplest
curve that carries progressively the soliton beam from a prapis possible to see that it is positioned in the second quadrant of
agation angle that respects the paraxial approximation until éne Cartesian plane and has a vertical asymptaig;ét) = d
angle that respects a parallel longitudinal propagation, and viseenz — a+/d. It shows a gradually increasing derivative,
versa. growing from a starting angle at= 0, chosen to be below

Ill. PROPERTIES OF ASOLITON IN A MODIFIED LONGITUDINAL
PArRABOLIC WAVEGUIDE
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velocity of the waveguide. The first event may be called “de-
Fig. 2. Graphical representation of the modified parabolic waveguide for  tach situation,” since the beam leaves the Waveguide, while the
16.9,d = 14. second one may be called “lock-in situation,” because the beam
reaches the other side of the waveguide where it is stopped, re-
the maximum angle allowed from the paraxial approximatio®€rsing its path and so on. At any value:0fis shown in Fig. 3,
until reaching a vertical alignment at;(z) = d; that is what the distancelsc between the beam and the waveguide is
we want to make the device work properly. To respect this term, A C2 2 9/d
it is necessary to impose a certain condition todrendd pa- dpc =a2p—7g = ——2 7 2 2 L2V,

rameters, as we show later. A graphical representation of (4) is b a? a
& - il b— a?AnoC? 2v/d
shown in Fig. 2 fore = 16.9 andd = 1.4. = ;2 + 2. (8)
The local inclination of the waveguide with respect to the lon- a?b a

gitudinal axisz can be regarded as the transverse relative V&-detach situation takes place when
locity of the waveguide that appears to the beam that propagates

longitudinally dpg = b. 9)
deg(z) 22 2V/d If we solve (9) with respect te, we can calculate, if it exists,
v = = — - — (5) . . .
dz a2 a the propagation distance where the detachment begins
Using (2), it is possible to calculate the transverse relative ve- _ Vd+d=b = a?AngC? 10
locity #D = bta?AngC? : (10)
ab
on = - ar dC = 2Ang 2 ©) The two solutions refer to the detach situation (when the neg-
B 0 T i ative sign of the root is considered) or to the first cross of the
- center of the waveguide in the lock-in situation (when the pos-
and the position of the beam itive sign of the root is considered). Studying the discriminator
5 A of (10), it is possible to derive the value of the amplitudg
xR = / vpd( = %0222, (7) thatdivides the lock-in values from the detach values
’ 1/d—b\"?
Equation (7) is valid for a propagation in the first quadrant of Cp=- <An0 ) . (11)

Cartesian plane. Because we consider, in our case, a propagation

in the second quadrant, we must reverse the sign of the sectirid possible to see from (11) that the more the curvature of the

member of the equation considered. waveguide ¢ parameter) increases or the more the refractive
Initially, the beam is positioned in the center of the wavendex decreases, the mot&, increases. This behavior agrees

guide. Because the waveguide appears to move with respeatd what one could expect.

an observer that follows the longitudinal direction, with a rel- We want now to calculate the inclination according to which

ative velocity expressed by (5), the soliton beam enters in tasoliton, whose amplitude is smaller than the detach amplitude,

constant acceleration zone, where its velocity increases linedeigves the waveguide. Since the mentioned angle is equal to the

with z. It also follows a parabolic trajectory, according to (7)detach velocity, substituting (11) into (6), we have

until it remains in this part of the waveguide. .
After the beam has propagated for a certaidistance, two ¢ =tan""vp (12a)

different situations may occur: the beam leaves the accelerationvp = vg(zp)

zone without reaching the velocity of the waveguide at thext 2AnC2a

the beam acquires a velocity that is greater than or equal tothe = 51 2A5,02

(Vd—\/d—b—a2AnoC?). (12b)
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0.12 : , : the longitudinal direction, is maximum and decreases up to zero
; : : at the end. In analytical terms, this means that it is possible to
0.1 impose this condition to the first derivative of (3) to calculate
the maximum propagation distance
0.08 \/_
2vd
|z (0)] = — < tan8® = 0.14 (14)
¢ 008 a
that gives
0.04
d
Vd < 71072 (15)
0.02 a
0 This condition must be considered in the project of the delay
branch.
c We want how to calculate the length of the curve expressed by
(3), since itis necessary to control the optical path, and therefore
Fig. 4. Detach angl@ in degrees, equal tatan(vp), versusC for « = the phase variation, of the beam that propagates inside it.
16.9,d = 1.4,b = 0.25, Ang = 1.1075, Considering (4), the first derivative afwith respect ta is
In Fig. 4, it is shown that the graphical behavior of (12) for dz - * (16)
a = 169,d = 1.4,b = 0.25,Ang = 1 -10~5. The detach dv 2z +d

valueC'p can be calculated by means of (11) and is equal to 20,4 the elementary length of the curve, as a functian, i

Due to the absence of restrictions about the ledgtif the .
waveguide, the lock-in valu€p of the amplitude, expressed dl = /dz? +dz2 = o [dz2 + —2 dx2. 17
from (11), does not depend dn This means that given a certain 4z +d) )

waveguide whose length is equalgwe can obtain a lock-in )
valueC', whose detachment distance, calculated from (10), Rtegrating (17), we have

longer thanL. In this situation, due to the restriction imposed >
from the waveguide length, the detach valu€’p obviously (z+ d)\/ %
decreases. In fact, even if the beams characterized from an am- I(z) = 2
plitude less tharCp tend to be expelled from the waveguide, a2
the detachment takes place at a distance that is longer than the + —log <8a: +8d +a”® + 4(z + d)
. . . 8
waveguide lengthl and the beam remains locked in. The new
valueCpy,, which is lower tharC,, can be calculated from (10) 4z + 4d + a2
settingzp = L and solving with respect t6' N exa )T constant (18)
—B++B? —4AC It is possible to see that the integral becomes indefinite when
CpL = 24 (13)  tendsto-d, as one could expectdue to the structure of the curve.
To define the constant that is present in (18), it is necessary to
where calculate the limit of the integral whentends to—d
2
A= a*angl? (13a) lim I(z)= e log a. (29)
B = 2a>bL*Ang — 2a°0VdLAng + a*b*Ang  (13b) p—d 4
C = b L% — 2ab? LV d + a2b°. (13c) The length of the curve is therefore equal to

We want now to make some considerations about the paraxial.¢ = 7(0)

approximation. d [dd+az a2 , Adt a2
Because we deal with a modified parabolic waveguide, we = - d + 3 log| 8d 4 a” + 4d

are in the presence of a curvature, with respect to:tlais, 2 d
that increases with. We cannot forget that we are in a paraxial a? log:

L ) . . : . — —loga (20)
approximation, that is, the derived equations are valid until the 4
angle between the propagation direction and the longitudinal di-_, . . .
rection is less thaf® < 10°. This means that due to the analyt-gnat Is obviously a complex function efandd parameters.
ical expression of the waveguide, expressed by (3) or (4), onc
the a or d parameter has been chosen, the other parameter
unavoidably fixed. The condition must be imposed only at the We have simulated the modulator device from the numerical
entrance of the waveguide, where the curvature, with respecptmint of view using a finite difference beam-propagation method

Tg/. NUMERICAL SIMULATION OF THE MODULATOR DEVICE
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(FD-BPM) algorithm to study its behavior and to see if it agree8ubstituting the numerical values, we have,; = 1 -1072.

with the developed theory. Since for the secondary waveguide we have [13]

At first, the design does not consider the physical limitations v
that can arise when we deal with technological fabrication prob- Cp = 7G1 (23)
lems. Next, we will consider this kind of problem. 2(Angs)?

We use a geometrical approach in this situation, that is,we\ql(ﬁereva is the tangent of the angle between the waveguide

not care of IMposing partmular conditions that would be N€&hd the longitudinal direction, it is possible to solve (23) with
essary in a real situation, such us to use the samg for all re?pect tAnos, giving
0 L

the waveguides, letting us use a higher number of degrees
freedom. We are further free of using the wavelength we need Ve \ 2

.. . G
to generate the proper phase variation according to our needs. Angs = <W> . (24)
This is obviously not possible in a real case where the wave- b

length is given. Substituting the numerical values, we have,s = 2.04-10~¢,
Let us choose, for example, the half-length of the delayhich is five times less than the value found for the delay
branch waveguide equal to 20 branch. This difference reflects the different geometry, and
therefore the different propagation conditions, of the two
aVd = 20. (21) considered optical structures. We further choose for the main
W]%veguide a refractive index value equald@qg = 1 - 1073,
Q that the beam that propagates inside the main waveguide
oes not enter in the delay branch unless it is pushed inside it.
The design approach used until this point is obviously prac-
tical for the numerical simulations because, as we already said,
we have no physical restrictions. However, it is impossible to
use it in a real device design due to the greater number of limi-
ﬁaetions. We show a real design approach in the following.
Further, we neglectto insert at the end of the structure a proper
f propagation distance that allows the beam that enters alone in

length between the interested part of the main waveguide and%% structure thr(_)ugh input 1 10 exit with the same Input phase_,
since we are mainly interested to the phase variations. The drain

delay branch can be calculated using (20), which gi¥ég; = . . .
0.13())/5. Once the wave vector is chogsén )We immgg‘iately ha%avegwde has been designed similar to the secondary wave-
' guide.

the phase difference. . . —

We have not, until this point, chosen the phase values to coEeThe geometry of the designed S“”““@ 'S shown n Fig. 5(a).
We decide to generate a phase difference a bit greaterrtf@n et us ana!yze 'the results 'of the numerical simulations for the
for the passage through the secondary waveguide and a pﬁgg%e possible input combinations to d emonst.rate'the corrept-
difference a greater than for the passage through the deIa;PeSS of the developed theory, neglecting the situation of no in-

branch. This is equal to saying that the length of the delay brand ts that represents the first combination according to Table I.

must almost be twice the length of the secondary waveguide.n Flgf.ti(b), tr|1e.numter|c<|all swr:ulattlon n thle (t:r?se of thedp_res—t
Since the length of the delay branch has already been chosen?\r/]v%eb.o i € 0? ¥r 'E}IJUI pu seha enlra;\;e (the ;ecor][h inpu
have to design the secondary waveguide. A proper structuresgmoination ot 1able ) is shown. In this case, since the re-

for example, the one whose projections on the longitudinal aﬁ&bti\/e index variation is equal to that of the delay branch, the_
transversal directions are, respectively, equal to 35 and 2. T saM propagates undisturbed and reaches the output, generating

gives a difference of length between the interested part of tﬁél)ro'ger ghasztehcoded pglsf' imulati f the third input
main waveguide and the secondary waveguide equal to 0.0571" ™9 (c), the numerical simulation of the third input com-

which is less than one-half of the relative difference of length gfnatmn, Wh'Ch s the presence of only an input pulse at en-
the delay branch. trance 2, is shown. In this case, the pulse first propagates prop-

We now must find the value of the wave vector that allow rly trapped inside the secondary waveguide, due to the fact that
us to obtain the chosen phase values. A good valge-is30 the parameters of the structures have been designed to lock it. It
which gives a phase value of 124or tHe delay branch ana areaches the main waveguide with a certain phase difference that
phase value of 0.55(a bit larger than the minimum value of V€ have designed to be equal to Ge5Eeaching the output and

7 /2 that allows the repulsion between two close soliton bean%glne?tln%%pr?ﬁer OUtqu pr|1as_,e cloc:_ed puflst(;. tourth inout
for the secondary waveguide. n Fig. 5(d), the numerical simulation of the fourth inpu

Once all the geometrical values of the structure are chosenC?fnbmat'on’ which is the presence of boin input pulses at

is necessary to select the refractive index of the waveguidestggthemrancgs’ IS ghtO\é)vnt. In th|tsh case, the two _;()julses d”:ﬁet
ensure the correct trapping of the beams inside them. at the merging point between the main waveguide an €

From (11), we have secondary Wa\_/egl_Jid_e with a re_Iativc_e phase difference greater
(11), w v than 0.5, which is in a repulsive situation. The two beams

- 22) propagate parallel each other properly separated until reaching
d—"b llel h oth I d until hi
a?C%’ the bifurcation point. In this zone, the pulse relative to input 1

Since we have to respect, even in this design approach,
paraxial condition, we have to solve the system of equatioﬁ
composed by (21) and (15) that gives= 16.9,d = 1.4.

The width of the waveguide must obviously be less tHan
and we choose, for example= 0.25, supposing a waveguide
width equal to2b = 0.5.

The spot size of the beam must be less than or eqéafioce
we deal with a hyperbolic secant profile, expressed by (1), t
width is linked to the amplitud€’. That is, the greatet' is, the
narrower the beam. A proper valuglis= 20. The difference o

ATLOG =
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Fig. 5. Upper view and numerical simulations. The parameters of the waveguide=are6.9,d = 1.4,b = 0.25, Ang = 1 - 10~°. (a) Upper view of the
structure. Numerical simulation of the behavior of the structure in the presence of (b) only input 1, (c) only input 2, and (d) both input 1 and input 2.

is pushed into the delay branch, while the pulse relative to inpggometry of the structure to trap the pulses with a proper soliton
two is pushed inside the drain waveguide where it reaches thtensity level, generating the necessary coded phase variation.
drain output. The first pulse, which propagates inside the delayrther, since we use the same constructive technology, we sup-
branch, is trapped inside it since the structure has been propg@dge that the refractive index variatidm, is the same for the
designed, and enters again inside the main waveguide witllelay branch and for the secondary waveguide, introducing an-
relative designed phase difference equal to 4,2d4aching the other restriction.

output and generating a proper output phase coded pulse. It is well known that given a certain material and a certain
The numerical simulations, as shown in Fig. 5, confirm thigght source, the intensity necessary to generate a soliton beam
theory developed. is given by
V. NUMERICAL DESIGN OF APRACTICAL MODULATOR DEVICE I, = 210 (25)
. . . . dZn. /32
We now give a numerical example for a practical design of om2f
the considered modulator device. ~ whereg is the wave vector of the beam. Substituting the numer-
We suppose having a Schott B 270 glass, whose optical R values into (17), we havg = 3.74 - 10 W/m?.
rameters at, = 620 nm areny = 1.53 andny = 3.4 - Since the intensity of the beafy is related to its amplitude

10~ m?/W, with no andn; being the linear and nonlinear re-¢; from [13]

fractive indexes, respectively [13]. Let us consider a spot size of

the beam equal tdg = 10 um. 1 no o
The design rules are very restrictive in a real situation since llog(2 + \/3)]2 214

it is necessary to match different requests with a reduced free

choice of parameters. In fact, once the source and the proper thes-possible to express (11) and (23) in terms of the intensity of

terial for the given source are fixed, it is necessary to design ttee beams.

(26)
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We choose, for examplé\n, = 1 - 1072, and we start with designed according to these criteria is totally useless for our
the design of the device. We want to code the third situatigourpose since the lock-in value is greatly above the generation
(only a pulse at the input 2) with a relative phase variation jugsalue of a second-order soliton and consequently above the
greater thamr /2 and the fourth situation (both the input pulsedpck-in value calculated for the delay branch. Further, the phase
with a relative phase very close 10 value obtained is totally different with respect to the one we

We choosel = 2dy; = 20 pm. Substituting this value into desire. It is therefore necessary to find another approach. If we
(15), we obtaine = 0.0639. In this way, the geometry of the impose the waveguide to have the same lock-in intensity of the
delay branch is totally defined. If we chooge= 19.96 um, delay branch, considering alwayg = d, we can calculate
using (11) and (26), we obtain a lock-in valig = 1.25- by, reversing the reasoning followed above. In this case, we
101%W/m?, that is, a value above the soliton threshold calculat@dbtain b, = 5650 xm, which satisfies the paraxial condition
with (25) and below the second-order soliton threshold. expressed by (27). If we calculate the phase difference, we have

We now must to check if, with these values, we have olA¢s = 0.1757, which is not only a different value respect
tained a phase difference value very close,tas we desire. The to the desired one but also a value that does not allow the
phase difference value can be calculated as the product of tapulsion between the two beams, a fundamental condition to
wavevector and the difference of path between the delay bramuhke the device to operate correctly.
and the main waveguide. Using (20), we obtaip = 0.597. Consequently, it is necessary to act alsosgn considering
This value is very close to the other phase value, generating tevdevice that does not have the same lateral extension with re-
phase values very close each other. In this case, it is necessagct to the main waveguide. Fixing the intensity lock-in level
to make some correction to the geometry of the delay branchttobe equal to that of the delay branch and fixing the phase dif-
correct the phase value to a value close tkeeping at the same ferenceA¢s to be as close as possible to, % is possible to
time the lock intensity above the soliton generation thresholdemonstrate that a valid waveguide is the one characterized by
We choose to increase the value of thé parameter, which oy = 3d = 60 um andby, = 16935 um and that provides a
allows the paraxial approximation to be conserved. If we iphase differencé\¢s = 0.537, respecting the paraxial condi-
crease this parameter by 1.53 times, the total length of the delmyn expressed by (27).
branch increases. The new intensity lock-in value decreases t@he problems found in the design of the secondary input
Ip = 5.36 - 101°W/m?, which is always above the soliton genwaveguide could be avoided if we could act alsodsng, but
eration threshold. The phase value is in this case equalds this is very difficult to achieve in a real situation, where both
we desired at the beginning of our computation. the delay branch and the inclined waveguide are generated in

Itis now necessary to project the secondary input waveguidike same process.

We want to obtain the same intensity lock-in value calculated Different approaches can be used to design the modulator de-
for the delay branch and a phase difference value a bit greatere, as, for example, to dimension first the secondary wave-
thanw /2. guide and the delay branch, but they are always subjected to

This kind of waveguide has already been studied [13jjfferent restrictions due to the physics of the waveguide gener-
showing a behavior similar to the parabolic waveguide andagion process.
lock-in value equal to

v VI. DEVICE CASCADING
Cp=—3S_ 27
P 2(Ang)2 @7 We now study the possibility of cascading different mod-

ulator devices to generate a unique device capable of increasing
wherevg is the tangent of the inclination angle with respect tghe transmission velocity by/2 times.
the longitudinal direction. It is obviously necessary to respect, \\je first study the situation of a cascade of two modulator de-
even in this case, the paraxial approximation; this means th@les, as shown in Fig. 6. In this case, we have two input devices,
once we have chosen the distangebetween the second inputiirst-level devices with two inputs each, for a total of four inputs
and the main input, the longitudinal length of the waveguide namedr, , 1, for the first device ands, I, for the second device.
cannot be shorter than a minimum, calculated according to ige devices generate two double-speed output flows that enter

paraxial limit, that is a third, second-level device, with two inputs namled Iz to
distinguish them from the inputs of the first-level devices. The
ar, < br,tan8° = 0.14by.. (28) working schemes of the second and third devices are, respec-

tively, shown in Tables Il and Ill. It is necessary to note that
Since we suppose to generate this waveguide using the saheephase conditions imposed for the first-level devices are not
physical procedure used for the delay branch, we have Malid, at the moment, for the second-level device, since this de-
suppose that the valuan, = 1 - 1072 is the same for both vice works on already phase modulated pulses. Its phase condi-
waveguides. If we use as a first attempt value = d to tions will be derived in the following.
generate a device whose lateral extensions with respect to théve will alternatively use, in the following, the definition of
main waveguide are the same, we immediately obigifrom first-level devices for the first and second devices. Analogously,
(28), which allows us to calculatg;. Substituting these valueswe use the definition of second-level device for the third device.
into (27), using (26), we have an intensity lock-in value equal We want now to combine Tables I-lll to find the phase con-
to Ips = 2.23 - 101"W/m? andA¢s = 1.12x. The waveguide ditions that allow the cascade to work properly. This means that
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TABLE I
WORKING SCHEME OF THE SECOND DEVICE (FIRST-LEVEL DEVICE)

Ne. INPUT 3 INPUT 4 OUTPUT OUTPUT PHASE
(INTENSITY) | (INTENSITY) | INTENSITY PHASE CONDITION

1 0 0 0 0 -

2 I, 0 I 0 -

3 0 1, I, o, 4 3z
25775

4 L 1 4 Is @3 -

TABLE Il

WORKING SCHEME OF THE THIRD DEVICE (SECOND-LEVEL DEVICE). THE PHASE CONDITIONS ARE NOT PRESENTHERE SINCE THEY ARE
DERIVED FROM THE CONDITIONS IMPOSED FROM THECASCADE CONNECTION

Ne. INPUT A INPUTB OUTPUT OUTPUT PHASE
(INTENSITY) | (INTENSITY) | INTENSITY PHASE CONDITION
1 0 0 0 0 -
2 I, 0 I, 0 -
3 0 I, I, @, -
4 I I, I, (2% -

that the pulse is only phase modulated from the second-level
device without experiencing any interaction with other pulses.

OUTPUT 3 This does not yet allow us to impose any phase condition on sit-
MODULATOR uation 3 of Table Ill.
1 Situation 6 is quite complex since it implies an interaction in-
INPUTA INPUT R side the second-level device. In this case, a pLi$@ exits the

first device and enters the input A second-level device, while
a pulsel; |0 exits the second device and enters the input B
second-level device, where it propagates in the secondary input
waveguides, emerging ds| ¢ 5. The two pulses meet at a con-

OUTPUT 1 OUTPUT 2 verging point between the delay branch and the secondary input
MODU}ATOR MODULATOR waveguide of the second-level device. Since it is necessary for
3 the two pulses to repel each other, we obtain
INPUT 1 INPUT 2 INPUT 3 __INPUT 4 - 3
| | | I Tcpp< (29)
I I I I 2 2
1 2 3 4

as the phase condition for the third device that completes the
phase condition of Table Ill. Due to this repulsive action, we
obtainly | ¢4 g as final output.

o o o Situation 7 is represented from a pulsd ¢, that exits the

itis necessary to analyze all the possible input combinationsgg; device and enters the input second-level device, while
see if the phase conditions imposed from the first-level devicg ulsel; | 0 exits the second device and enters the input

match with the phase conditions imposed from the second-lexgkong-level device, where it propagates in the secondary input

device. _ . _ “waveguides, emerging ds | ¢ 5. The repulsion takes place if
We will indicate in the following a pulse whose amplitude is

I and whose phase is with the notation/ | ¢. m <op—s < 3 (30)
The working scheme of the cascade, which we are going to 2 2
discuss in detail, is shown in Table IV. that generatek | p,+ ¢4 p as output. To respect this phase con-

The first four input situations are rather clear since they dfition, it is necessary to make further restrictionsrandy g
not require the action of the second-level device and the outpkt are

pulses conserve the phase modulation of the first device.

Fig. 6. Cascade of-R1 devices.

m
Situation 5 is when there is only one pulse at input 3. In 5 <2 <7 (31)
the case of the pulse exit of the second device with no phase 3
modulation, according to Table Il and using Table Ill, we see T <¢B< 37 (32)
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TABLE IV
WORKING SCHEME OF THE CASCADE DEVICE

N°e.| INPUTI1 INPUT 2 INPUT 3 INPUT 4 OUTPUT | OUTPUT PHASE
(INTENSITY) | (INTENSITY) | (INTENSITY) | (INTENSITY) | INTENSITY | PHASE CONDITION
1 0 0 0 0 0 0 -
2 I, 0 0 0 I, 0 -
3 0 1, 0 0 I, o, -
4 Il 12 0 0 Il ¢l,2 -
S 0 0 I, 0 I @, -
6 I, 0 I, 0 I Qs T kY 4
) Lo <22
2" 5
7 0 I I 0 I + i d kY4
2 3 2 O ¥ P 5<(p5_‘(/’z<7
8 Il 12 13 0 I] (01‘2 +¢A.B ’ £<¢7 - <3_7[
2 B 1.2 2
9 0 0 0 I, I, O, P
10 I 0 0 1 I T 3z
1 4 1 ¢)A,B 5 < ¢‘ + ¢B <7
11 0 I, 0 I, I, O, +Q,, 17.'_<(p‘+%_¢2<3_ﬂ
2 2
12 I I, 0 I, I, O, +0,, £<¢4 +0, -o., <3_7r
2 2
13 0 0 I, I, I Q4+ Oy -
14 1 0 I I I bia Ir
! ? ¢ ! P 3<(ﬂ;44 +9, <7
15 0 1, 1, I, I, 0, +0,, £<¢“ +0, -0, i
2 2
16 I, 1, I L, L, P2t P %<¢73,¢ R 2B 4% <37”

These modifications must be inserted into Table | and Tables #ihd enters the input second-level device, while a pulfg| ¢4

and IV respectively. exits the second device and enters the inButf the second-
Situation 8 is represented from a pulse ¢, » that exits the level device, where it propagates in the secondary input waveg-

first device and enters the input A second-level device, whilédes, emerging a&; | ¢4 + ¢ 5. The repulsion takes place, at

a pulsels | 0 exits the second device and enters the input the converging point, if

second-level device, where it propagates in the secondary input

waveguides, emerging ds| ¢ 5. The repulsion takes place if T < s+ op < 37 (35)
s 37 33 2 2
5 <¥BTPL2< (33)  that would generaté; [¢ 4 5 as output if (35) is satisfied. Un-

which generatesly |, 1 2444 5 as output. To respect thisfortunately, this is not possible since we have to respect the
) 2 A, "

phase condition, it is necessary to make a further restriction BRase conditiortr/2) < ¢4 < 3m/2 expressed from Table Il
o1 that is and the phase condition expressed from (32). This means that

w4 + @ > 3w/2, denying (35).

0<@ia< T (34) The others input conditions are reported into Table IV just
2 for completeness without any further discussion since this kind
This modification must be inserted into Table I. of cascade configuration is not able to work properly due to

Situation 9 is represented from an absence of pulse from the restriction imposed from the phase conditions. We report
exits of the first device and from a pulde| ¢4 that exits the them to show another inconvenience that would have anyway
second device and enters the inplgecond-level device, whereinvalidated this configuration even if the phase condition were
it propagates in the secondary input waveguides, emergingsasisfied. If we look at the outputs, we see that we obtain equal
Ly paton. exit pulses for the inputs labeled 6,10,14; 7,11,15; and 8,12,16

Since this pulse reaches the output without interacting witlven if we are in the presence of different input configurations.
other pulses, it is not necessary to impose any phase condifidris means that this kind of cascade is not able to code as a phase
on the first-level devices. information all the possible input configurations. Due to the fact

Situation 10 is the most important for this connection sincetiiat the output pulses are equal not only in phase but even in
denies the possibility of full cascading for this kind of deviceantensity, it is not possible to avoid this output superposition
It is represented from a pulsk |0 that exits the first device using different intensified input pulses.
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value equal to zero when it is codified the presence of a pulse
in the first input only, a phase value equal to Ct5khen it is

OUTPUT 3 codified the presence of a pulse in the second input only, and a
MODULATOR phase value equal to 1.24vhen it is codified the presence of
1 the pulses in both inputs of the modulator.
INPUT A__INPUT B Since we deal with phase information, it is necessary to as-

sume the existence of a phase referring into the demodulator,
which allows the extraction of the mentioned information from

the received pulses. This is what normally happens in this kind
of devices, where an internal clock signal is present that is prop-

OUTPUT 1 erly synchronized with the incoming data flow using an initial
MODULATOR sequence that is sent from the transmitter to the receiver before
2 starting the data transmission. This operation allows the syn-
INPUT 1 INPUT 2 chronizing of the clock of the receiver.
| | The structure of the demodulator is shownin Fig. 8, where itis
I1 I2 I possible to see that both the received pulses and the clock pulses

enter into the device. Supposing that the clock pulses have al-
Fig. 7. Half-cascade of41 devices. ready been synchronized with zero phase delay with respect to
the received pulses, the clock input waveguide is calculated so
that the clock pulses experience a relative phase variation equal

. we haye seen until this point that.|t Is impossible, for th? d?é 2r: this is equal to say that there is not variation with respect
vice as it stands, to be connected in a full cascade conflgug

) fwe further look bi hat th 8the input phase.
tion. If we further look at Table IV, we can see that the casca ®Each clock pulse propagates parallel and partially overlapped

is able to work properly for the first nine configurations W'ﬂ\/vith each data pulse, interacting with it: the interaction accel-

proper phase conditions. If we consider only the first nine inpiﬁﬂ'ation is a cosinusoidal function of their relative phasand
configurations, we see that they represent a half-cascade dev;

. . . : . i é??exponential function of their relative distantaccording to

thatis, a device composed from a first-level device with two “118

puts and a second-level device whose inputs are composed fro o

the output of the first-level device and from direct input pulse a(d, ) = — exp(—C(d — 2rpupw)) cos  (36)

streams. This half-cascade configuration is shown in Fig. 7. The 0

operative scheme for this half-cascade configuration is shownvitith the condition(d > 2xpmmw). cunow is the half-height

Tables V-VII. Because we use only three inputs, it is possibhalf-width that is the distance from the center of the beam where

to speed the transmission velocity up to three times the velocibe amplitude reduces to one-half. It is possible to demonstrates

of input channels. Due to the direct entrance of flow 3 inside tibat

second-level device with respect to flows 1 and 2 that are first 1

speeded from the first-level device, it is necessary to delay flow THHEW = 5 log(2+ V3) (37)

3 to synchronize it with the output of the first-level device. I . .
The full cascade is probably possible if we use a differemhICh is a function of the amplitudé.

phase coding mechanism for the base device, but this is not .rgecause the interaction acceleration depends on the relative
the scope of this paper. We wish to suggest ,first an exambiaase. the data pulse is repulsed toward the opposite side of the

of a totally optical device capable to speed up the transmissi veguide after a certain propagation distance that is a function
velocity of an optical channel of the relative phase: if in correspondence of each propagation

Further considerations about the temporal behavior and |8tt§nce relateddto aIEr(IJpe.r pzasg V%lue Zn e)i'; IS rp])laced]: t\;]ve
absorbing behavior of solitons in transverse refractive index pr.%- ain a proper demultiplexing device based on the phase of the

: i i i Ise.
file device have already been studied [13], [14] and are not pgcoming pu . .
peated here for brevity. The closer the relative phase isitpthe shorter the propaga-

tion distance is, because the data pulse is strongly repulsed. On

the contrary, the closer the relative phase iz f@, the longer

the propagation distance is, because the data pulse is weakly re-
We now design a proper demodulator device able to translaigsed.

the phase information of the input channel into a binary infor- To allow the repulsion between the clock beam and the data

mation of two output channels. We use the same design critdosam, a phase value equal to 8/2hould be chosen for the

used for the modulator device because they allow a high degobeck beam and a phase value included between Ordodthe

of freedom. A simulation of this receiver device from the nudata beam. This would impose further restrictions on the phase

merical point of view using an FD-BPM algorithm to verify themodulation values that we want to avoid.

agreement with the theory is also presented. For this reason, a phase value equal to zero is chosen for the
We use as design criteria the features of the output pulsesctifck beam, implying that it is attracted by the zero phase data

the modulator reported in Section IV, which afe = 20 for beam, merging together and generating a unique double ampli-

the amplitude of the bean®, = 30 for the wavevector, a phasetude output beam. This situation does not represent a problem

VII. EXAMPLE OF DESIGN OF THERECEIVER
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TABLE V
WORKING SCHEME OF THEFIRST DEVICE (FIRST-LEVEL DEVICE) WHOSE PHASE CONDITIONS ARE PROPERLY MODIFIED TO BE CONNECTED IN A
HALF-CASCADE CONFIGURATION

Ne. INPUT 1 INPUT 2 OUTPUT OUTPUT PHASE
(INTENSITY) | (INTENSITY) | INTENSITY | PHASE CONDITION
1 0 0 0 0 -
2 L 0 I 0 -
I I
3 0 2 2 [ T <@, <r
2
4 Il Iz Il Pra 0<¢12 <_7£
T2
TABLE VI

WORKING SCHEME OF THE THIRD DEVICE (SECOND-LEVEL DEVICE) WHOSE PHASE CONDITIONS ARE PROPERLY MODIFIED TO BE CONNECTED IN A
HALF-CASCADE CONFIGURATION

Ne, INPUT A INPUT B OUTPUT |OUTPUT PHASE
(INTENSITY) | (INTENSITY) | INTENSITY | PHASE CONDITION
1 0 0 0 0 -
I, 0 1, 0 -
3 0 I I
‘ ’ O T<@, < En
2
4 I, L I @z -
TABLE VI

WORKING SCHEME OF THEHALF-CASCADE DEVICE. THE PHASE CONDITIONS ARE INCLUDED IN THE WORKING SCHEME OF THEDEVICES (TABLES V AND VI)
THAT COMPOSE THECONFIGURATION

Ne, INPUT 1 INPUT 2 INPUT 3 OUTPUT OUTPUT
(INTENSITY) | (INTENSITY) | INTENSITY) | INTENSITY | PHASE
1 0 0 0 0 0
2 I, 0 0 I, 0
3 0 I, 0 I, ,
4 I, I, 0 I, @,
5 0 0 1, I, @,
6 I, 0 I I, Oup
7 0 I, I I, Q,+t P,
8 I, I, I, I, O+ P

because the original amplitude can be recovered using a proged 2 to recover the original signal, it is necessary to introduce
beam splitter at the output of the receiver related to the zearoper external beam splitter whose output beams are sent to
phase data beam. channels 1 and 2 using proper optical connections. If it is neces-
For the modulation phase value chosen, it is possible to sy to recover the original amplitude, a proper optical amplifier
from the receiver structure shown in Fig. 8 that the zero phatbait doubles the amplitude of the input beam before sending it
value merges together with the clock beam reaching outputt@ the beam splitter must be introduced.
which represents the output related to the first channel. The sit-The receiver is equipped with a clock drain waveguide that
uation related to the presence of only one pulse on the secanxtracts the clock pulse after the interaction with the data pulse,
channel has been coded with a Ot53hase value, which im- except for the situation where the data pulse phase is equal to
plies a weak repulsion and therefore a quite long propagatipero, which implies the merging between the two pulses.
distance where it reaches output 2. This receiver also can be used for a three-channel modulator
The situation related to the presence of pulses on both thdding proper outputs in correspondence of the propagation dis-
channels has been coded with a I.¥hase value, which im- tance related to the relative phase values.
plies a strong repulsion and therefore a short propagation disWe want now to show an example of the design of the receiver
tance where it reaches output waveguide 3. Because this outpat is simulated by the numerical point of view, using as param-
pulse must be used to generate two output pulses in channetdrs the features of the pulses generated from the modulator.
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clock
drain output output  output
output 1 2 3

interaction
waveguide

clock input
input

Fig. 8. 3-D view of the structure of the receiver.

It is first necessary to give more details about the interacti@olving with respect ta, excluding the nonphysical solution,
mechanism between solitons to derive an exact formula that ale have
lows calculation of the exit propagation distance as a function N
of the relative phase and of the other parameters of the receiver. 2y = <2_b> ? ' (41)
Due to the expression of (36), the interaction acceleration

apg
varies with the relative distance: this means that the repulsive

action decreases during propagation while the relative distand® "elative distancé of (36) is composed by an initial in-
9ct|0n distancé, depending on the geometry of the wave-

increases. Because we are not interested in the exact trajecfSF ) ) I .
followed by the soliton beams during the interaction but are i§4ide and a variable distance Substituting (36) into (38),
terested in the distance that the beam has to propagate along'fi89¢ = do + =, we have

longitudinal axis to move transversally from the center to the Ccosg

lateral side of the waveguide, where the exits are placed, it is a=—r (eXP (—=C(b+do — 2cupnw))
possible to use the mean acceleration along the transversal path

[12] instead of the instantaneous acceleration expressed by (36). —exp (=C(do — 2 HHHW)))' (42)

The mean acceleration is defined as . .
Once derived, the relation, expressed by the (41), between the

o1t exit propagation distance and the relative phase between the
a= 5/ a(w) dx (38)  clock beam and the data beam, it is possible to continue with
’ the design of the receiver.
whereb is the transversal path. In this case, it is a negative quan-Because the width of the data beam is related to the ampli-
tity since it decreases when the beam moves from zero and ifigde C of the hyperbolic secant profile through (37), using the
necessary to use its modulus. same criterion used for the modulator, we choose a waveguide
The total transversal acceleratiogy is composed by the dif- characterized by a widthbZqual to 0.5.
ference between the modulus of acceleration expressed by (38f we choose the refractive index of the waveguiie, to be
and the accelerationr generated by the index profile that isequal to 7.27 10~° and we fix the initial distancé, between

constant and is expressed by (2) the two beams to be equal#ipthat is, the distance between the
two parallel waveguides composing the interaction waveguide
ap =|a| —ar. (39) is equal tob, then substituting the numerical values into (41)

) ] using (39), (42), and (2), we obtain for the relative phase values
The equation that expresses the transverse distara®a o 55: and 1.24 an exit propagation distance equal to 30 and

function of propagation coordinateis one, respectively.
1 The left-hand side of the interaction waveguide is charac-
T = 5@/\422. (40) terized by a quite higher refractive index with respect to the

right-hand side to avoid that the clock pulse is moved from its
We already said that we are interested to knaag a function initial position during the propagation due to the reciprocal re-
of the transverse path = b. Substitutingz = b in (40) and pulsive action with respect to the data pulse.
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Fig. 9. (a) Upper view of the structure of the receiver. (b) Numerical simulation of the behavior of the receiver in the presence of the zero phisse data pu
corresponding to the presence of only one pulse in channel 1. The clock pulse and the data pulse merge together: the resulting pulse reacheg¢he output 1
Numerical simulation of the behavior of the receiver in the presence of the @b&se data pulse, corresponding to the presence of only one pulse in channel

2. The clock pulse and the data pulse weakly repulse each other; the data pulse reaches output 2. (d) Numerical simulation of the behavior ofritteeeceive
presence of the 1.24phase data pulse, corresponding to the presence of one pulse in both channels. The clock pulse and the data pulse strongly repulse each other:
the data pulse reaches output 3.

Once the interaction waveguide is designed, it is necessary tdt is immediately possible to verify that the chosen clock drain
design all the input—output optical structures to this main waveraveguide respects the paraxial approximation and has a proper
guide. lock-in threshold.

Since the clock beam must be in-phase with the zero phasén the right side of the interaction waveguide are placed the
value of the data pulse, it is necessary to design a clock inmuttput waveguides that allow the exit of the data pulses, which
waveguide whose difference of optical path with the input wavere repulsed from the clock pulses. Their geometry has been de-
guide is a multiple of 2. If we choose the waveguide shown irsigned to respects the paraxial approximation and have a proper
Fig. 9(a), characterized by the same refractive index of the ilock-in threshold.
teraction waveguide, it is immediate possible to verify that it The geometry of the designed receiver is shown in Fig. 9(a).
respects this condition and the paraxial condition, and that itet us analyze the results of the numerical simulations for the
lock-in threshold is low enough to trap the beams whose amplivee possible input combinations to demonstrate the correct-
tudeC is equal to or greater than 20, as the ones we are usingess of the developed theory, neglecting the situation of no in-

At the end of the interaction waveguide, on the left side, thruts that represents the first combination according to Table I.

clock drain waveguide is placed that is necessary to extract thén Fig. 9(b), the numerical simulation of the receiver in the
clock pulses after the interaction with the data pulses. Its refraase of the presence zero phase input pulse at the input (the
tive index Ang has been chosen to be equal to1D * thatis second input combination of Table 1) is shown. In this situation,
a bit higher value with respect to the interaction waveguide since the relative phase difference between the data pulse and
guarantee the data pulse to reach the input of this waveguites clock pulse is equal to zero, an attractive acceleration results,
except in the situation of attraction and merging with the dagccording to the (36), and the two beams collapse, reaching
pulse. output 1.

Authorized licensed use limited to: Universita degli Studi di Roma La Sapienza. Downloaded on March 23, 2009 at 05:09 from IEEE Xplore. Restrictions apply.



1050 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 19, NO. 7, JULY 2001

In Fig. 9(c), the numerical simulation of the receiver in the [8] F. Garzia, C. Sibilia, M. Bertolotti, R. Horak, and J. Bajer, “Phase prop-
case of the presence of 0755hase |nput pulse at the |nput (the erties of a two-soliton system in a non linear planar wavegui@gf.

L. . . . L . Commun.vol. 108, pp. 47-54, 1994.
third input combination of Table 1) is shown. In this situation, [9] A. B. Aceves. J. V. Moloney, and A. C. Newell, “Reflection and trans-

because the relative phase difference between the data pulse and mission of self-focused channels at nonlinear dielectric interfacst,”
the clock pulse is equal to 0.55a weak repulsive acceleration Lett, vol. 13, pp. 1002-1004, 1988. . ,

It ding to (36). and the data pulse is pushed towaHJD] P. Varatharajah, A. B. Aceves, and J. V. Moloney, “All-optical spatial
results, accoraing ( )' p p scanner,”App. Phys. Lettvol. 54, pp. 2631-2633, 1989.
the right-hand side after a certain propagation distance, reachingL] A. B. Aceves, P. Varatharajah, A. C. Newell, E. M. Wright, G. I.
output 2. Stegman, D. R. Heatley, J. V. Moloney, and H. Adachihara, “Particle

. . . . . . aspects of collimated light channel propagation at nonlinear interfaces
In Fig. 9(d), the numerical simulation of the receiver in the and in waveguides,J. Opt. Soc. Amer. &0l 7, pp. 963-974. 1990.

case of the presence of 122phase input pulse at the input (the [12] F. Garzia, C. Sibilia, and M. Bertolotti, “Swing effect of spatial soliton,”

fourth input combination of Table 1) is shown. In this situation, n Opt. Qﬂ"f}?Ug;’ggglﬁghgiﬁ’t-e%?g-t19&éﬁz- vol. 152, o0, 153160
since the relative phase difference between the data pulse ahd 1998, e TP PVOL 252 PP- ’

the clock pulse is equal to 1.24a strong repulsive accelera- [14] —, “All optical soliton based router,Opt. Commun.vol. 168/1-4,
tion results, according to (36), and the data pulse is pushed tzl-s] pp. 277-285, 1999.

. h . . H. W. Chen and T. Liu, “Nonlinear wave and soliton propagation
ward the right-hand side after a very short propagation distanc in media with arbitrary inhomogeneitiesPhys. Fluids vol. 21, pp.

reaching output 3. 377-380, 1978.
The numerical simulations, as shown in Fig. 9, confirm thel16] P- K. Cow, N. L. Tsintsadze, and D. D. Tsakhaya, “Emission of ion-
. sound waves by a Langmuir soliton moving with accelerati@®oV.
correctness of the developed receiver. Phys.—JETPVoI. 55, pp. 839-843, 1982.
[17] J. S. Aitchison, A. M. Weiner, Y. Silberberg, M. K. Oliver, J. L. Jackel,
D. E. Leaird, E. M. Vogel, and P. W. E. Smith, “Observation of spatial
optical solitons in a nonlinear glass waveguid®gt. Lett, vol. 15, pp.

. . B . _ 471-473, 1990.
We have studied and deS|gned an all optlcal modulator de[&S] F. Garzia, C. Sibilia, and M. Bertolotti, “All optical serial switche©pt.

vice, thse Working principle_s are based on the repulsive and ~ quantum Electronvol. 32, pp. 781-798, 2000.
propagation properties of solitons in a parabolic transverse rg19] B. Luther-Davies and Y. Xiaoping, “Steerable optical waveguides
fractive index profile, which we analyzed in this paper. formed in self-defocusing media by using dark spatial solit@dpt.
L ' X S . Lett, vol. 17, pp. 1755-1757, 1992.
The switching properties have been studied in detail, ob-
taining some useful design criteria for a practical device. The
device can be properly designed by means of the geometrical

and optical parameters of the different structures that compose
the modulator. Fabio Garzia received the degree in electronics engineering and the Ph.D. de-
. . ree in applied electromagnetism from the University “La Sapienza,” Rome,
It has been demonstrated that the device, as it stands, calﬂ;ﬁe’m 1992 and 1997, respectively.
connected in a half-cascade configuration, capable of acceptingince 1997, he has been a Lecturer of applied security, physics, optics, and

three input streams of pulses and generating a unigue strearfitgptum electronics arguments with the Faculty of Engineering, University “La
P P 9 9 q aﬁ)?enza." Since 1999, he has been Head of the Applied Security Laboratory,

. L LT . S
pulses Wh_ose mformatlon capacity is three times greater thgartimento di Energetica, INFM, of the same university. His research interests
the capacity of input streams. are all-optical devices, image processing, biometrics and pattern recognition for

A proper demodulator device has also been designed and lied security applications, telecommunications, and optical computing. He
. . Is the author of numerous papers in international journals.
ulated to work in couple with the proposed modulator.
The whole system can be considered as a complement to
and an improvement of the wavelength-division multiplexing
(WDM) technology since it allows one to increase the transmis-
sion capacity of each binary channel at its given waveleng@ﬂ”dta Sibilia (M'97) received the degree in physics from the University “La

Usi b X dulat t | to th b Saf:)ienza,” Rome, ltaly, in 1976.
Sing a number or modulator systems equal to the nUmDer Of,,, 1931 to 1986, she was an Assistant Professor in general physics with

the wavelength channels, the total capacity of the WDM systaha Faculty of Engineering of the same university. Since 1986, she has been an
is increased. Associate Professor in physics there. She worked on quantum aspects of non-
linear optics. Her current research interests are in quasi-periodical structures and

application of nonlinear optics to new filters. Part of her research activity is de-
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